Introduction
============

Cardiovascular diseases are the leading cause of death in the developed countries. Atherosclerosis is the major contributor to the pathogenesis of acute myocardial and cerebral thrombosis \[[@b1]\]. Atherosclerosis is a chronic, progressive inflammatory disease, which develops in response to endothelial injury. Initiation of the injury is brought by pro-inflammatory cytokines and risk factors, such as hypercholesterolemia, smoking, hypertension and diabetes \[[@b2]\]. Atherosclerotic arteries have morphologically raised lesions referred to as atherosclerotic plaques. They are characterized by the deposition of lipids, inflammatory cells like macrophages and T lymphocytes, vascular smooth muscle cells and connective tissue within the arterial wall \[[@b1]\]. As the lesion becomes more bulky, atherosclerotic plaques may develop into plaque that is vulnerable to rupture (vulnerable plaque) and its rupture causes the formation of thrombosis \[[@b1]\].

Conventional atherosclerosis imaging with x-ray angiography reveals only the severity of luminal narrowing of vessel and does not take into account the plaque biology, including vulnerable plaque \[[@b3]\]. Although some catheter-based techniques, such as intravascular ultrasound, can provide information on the composition of individual plaques, their invasive nature limits their use \[[@b4]\]. Therefore, there still remains a great need for novel diagnostic tools to assess non-invasively molecular changes associated with atherosclerosis and to understand plaque nature for detecting whether the plaque is vulnerable to impending rupture or stable atherosclerotic lesion.

Phage-displayed peptide library has been used to find novel peptide ligands that target specific organs, tumours, and tumour blood vessels \[[@b5]--[@b7]\]. Such tissue-specificity is based on the molecular diversity of tissues and blood vessels. Angiogenic tumour blood vessels, for example, are morphologically tortuous and leaky and carry distinct molecular markers like αvβ3 integrin on the endothelium \[[@b8], [@b9]\], leading to the identification of the tumour vasculature-homing Arg-Gly-Asp (RGD) peptide \[[@b10]\]. Similarly, atherosclerotic blood vessels have characteristic molecular changes, including increased expression of vascular cell adhesion molecule-1 (VCAM-1) and P-selectin on endothelial surface and the formation of new blood vessels (vasa vasorum) in the arterial wall \[[@b1]\].

Identification of targeting ligands that home specifically to atherosclerotic plaques may provide numerous potential applications including selective delivery of therapeutic agents and imaging probes to plaque tissues. Such tissue-specific homing ligands may also lead to the identification of novel receptors and new drug targets at the lesion. Peptides have several advantages over antibodies as a targeting moiety, including better organ penetration and less chance of unintended immune reaction \[[@b11]\]. Here we used phage display technology and identified peptides that selectively recognize and home to atherosclerotic plaques *in vivo*.

Materials and methods
=====================

Animals
-------

Male low-density lipoprotein receptor-deficient (*Ldlr*^−/--^) mice on a C57BL/6 background (B6.129-*Ldlr^tm1Her^*) were fed with a high-cholesterol atherogenic diet containing 15% fat, 1.25% cholesterol, and 0.5% Na-cholate (Oriental Yeast Co. Ltd.) for 8 weeks from 6 week old. As control, C57BL/6j male mice were maintained on regular chow diet for the same days. Mice were housed at 22 ± 2°C, 55 ± 5% relative humidity, with a light/dark cycle of 12 hr. Food (Purina Mills) and water were given ad *labium*. Body weights of mice at the time of experiments were 25-30 gm. All experiments were approved by the Kyungpook National University Animal Experiment Ethics Committee.

*Ex vivo* screening of a phage library
--------------------------------------

Primary human atherosclerotic tissues were obtained by endarterectomy of three patients with coronary atheroma (50 ± 12 year-old) and three patients with femoral atheroma (63 ± 11 year-old). Cell suspensions were prepared by homogenizing the tissues using Medimachine™ (DAKO). All primary human tissues were obtained according to the guidelines of Kyungpook National University.

We used a phage library displaying C^X7^C (C, cysteine; X, any amino acid residue) random peptides, which was built in the T7 415-1b vector (Novagen) between EcoRI and HindIII sites. X residues are encoded by NNK. The library had a diversity of approximately 5 × 10^8^ plaque-forming unit (pfu). Screening of a phage library was performed as previously described \[[@b6]\]. The cell suspension was incubated with phage library (1 × 10^9^ pfu) at 4°C for 2 hr. Unbound phages were removed by serially washing with Dulbecco\'s modified Eagle\'s medium (DMEM)/1% bovine serum albumin (BSA). The cell-bound phages were rescued by treating with 1% NP-40 on ice for 5 min. and adding BL21 host bacteria to the lysates. The phage output in pfu was determined by counting the number of plaques. The eluted phages were propagated in bacterial cells and used for the next round of selection. After three to four rounds of selection, individual clones were randomly picked from the clones of final two rounds of screening. The DNA inserts of selected phage clones were sequenced by automatic sequencer (Koma Biotech Co., Daegeon, Korea). The peptide sequences were analysed with the Clustal W program to align amino acid sequences and with the NCBI BLAST search to identify proteins with homologous motifs.

*In vivo* homing assays
-----------------------

A selected phage clone (1 × 10^11^ pfu in 100 μl solution) was injected into the tail vein of mice anesthetized by the inhalation of enflurane. After 15 min. of circulation, mice were perfused with phosphate-buffered saline (PBS) through the heart. Aortas were isolated and homogenized. The bounded phages were recovered and the phage titre was measured.

A fluorescein-conjugated synthetic peptide (100 μl of 1 mmol/l solution) was injected into the left ventricle of anaesthetized mice. After 15 min. of circulation, mice were perfused with PBS and then with 4% paraformaldehyde (PFA). Aorta and other organs were isolated and prepared for frozen section. Serially sectioned tissues in 5 μm thickness were immunostained with rabbit anti-mouse von Willebrand Factor (vWF) (Abcam Ltd., 1:5000), rat anti-mouse Mac3 (BD Pharmingen, 1:50), and Rat anti-mouse interleukin-4 receptor (IL-4R) (BD Pharmingen, 1:400) antibodies for 1 hr at room temperature (RT). Alexa568-conjugated goat anti-rabbit or anti-rat IgG (Molecular Probe) was used as a secondary antibody at 1:200 dilutions and incubated for 30 min. at RT. After mounting with the media containing 4-6 diaridino-2-phenylindole (DAPI) (Vector Laboratories) for nuclear counterstaining, tissue slides were visualized under a fluorescent microscope (Zeiss).

Fluorescein-conjugated peptides were synthesized by standard Fmoc method using a peptide synthesizer (Anygen Co., Kwangju, Korea). Fuorescein was conjugated to the N-terminus of peptides using aminocaproic acid as a linker. Synthetic peptides were purified by high-performance liquid chromatography (HPLC) and analysed by mass spectroscopy. The purities of separated peptides were higher than 85%. For making working solutions, peptides were dissolved with dimethylsulfoxide at the concentration of 100 mmol/l, diluted to the concentration of 1 mmol/l, and then stored in aliquots at -20°C.

Peptide overlay onto primary tissues
------------------------------------

Primary tissues used for peptide overlay were femoral or coronary atherosclerotic tissues from three patients (62 ± 6 year-old) and a normal per-oneal artery tissue from a patient who received by-pass surgery (39 year-old). Tissues were immersion fixed in 4% PFA for 2 hrs, incubated overnight in 25% sucrose/PBS for cryoprotection, embedded in optimal cutting temperature (OCT) medium, and then frozen. Sections in 5 μm thickness were prepared on a cryostat. The frozen sections were blocked with PBS/1%BSA at RT for 30 min., incubated with the 10 mol/l solution of a fluorescein-labelled peptide in PBS at RT for 1 hr, and then washed with PBS. Serial sections were immunostained with mouse anti-human CD31 (Chemicon, 1:50), mouse anti-human CD68 (Abcam Ltd., 1:100), mouse anti-human α-smooth muscle actin (α-SMA) (Sigma-Aldrich Inc., 1:2000), and mouse anti-human IL-4R (R&D systems, 1:500) antibodies for 1 hr at RT. Goat Alexa594-conjugated anti-mouse IgG (1:400) was used as a secondary antibody. H&E staining for histological examination and Oil Red O staining for lipid were performed by standard methods. After mounting with the media containing DAPI for nuclear counterstaining, tissue slides were visualized under a fluorescent microscope.

Overexpression and knockdown assays
-----------------------------------

Human IL-4R expression vector (OriGene technologies, Inc., Rockville, MD, USA) or control pCMV vector was transfected into semi-confluent Chinese hamster ovary (CHO)-K1 cells using Lipofectamine™ transfection agent (GIBCO-BRL). CHO-K1 cells (ATCC CCL-61) were maintained in α-minimum essential medium (MEM) containing 10% foetal bovine serum (FBS) at 37°C. For transfection, cells (1 × 10^4^ cells per well of 4-well chamber slide) were incubated with the mixture of DNA (4 μg per well) and the transfection agent for 6 hrs in Opti-MEM™ (GIBCO-BRL). The medium was then changed to α-MEM with 10% FBS and incubated for additional 48 hrs.

For knockdown assays, pre-designed siRNA against human IL-4R (Ambion) was transfected into HT-1376 cells using lipid-based siPORT™ NeoFX™ transfection agent (Ambion). HT-1376 human bladder tumour cells (ATCC CRL-1472) were maintained in MEM supplemented with 10% FBS, non-essential amino acids and penicillin/streptomycin at 37°C. For transfection, cells (2 × 10^4^ cells per well of 4-well chamber slide) were incubated with the mixture of siRNA at the 10 nmol/l concentration (67 ng) and the transfection agent for 48 hrs in Opti-MEM. The medium was then changed to MEM with 10% FBS and incubated for additional 24 hrs. A control siRNA (Ambion), not known to have any homology to any known mammalian gene, was used at the same concentration as a negative control.

After transfection, cells were fixed with cold methanol-acetone (1:1) for 10 min. and stained with mouse anti-human IL-4R antibody (1:400). Goat Alexa594-conjugated antimouse IgG (1:400) was used as a secondary antibody. After IL-4R staining, cells were incubated with the 10 μmol/l solution of the fluorescent peptide for 1 hr at RT. After mounting with the medium containing DAPI, tissue slides were visualized under a fluorescent microscope.

For flow cytometry, transfected cells were harvested with trypsin blocked with 1% BSA at 37°C for 30 min., and then incubated with the 10 μmol/l solution of the fluorescent peptide for 1 hr at 4°C. After incubation, cells were washed with PBS and the percent number of fluorescent (peptide-bound) cells was analysed using a flow cytometry (Becton Dickinson).

Radioisotope labelling of peptides and autoradiography
------------------------------------------------------

The CRKRLDRNC peptide was conjugated with diethylenetriaminepe taacetic acid (DTPA) at the N-terminus and cyclized through disulfide bon between N- and C-terminus cysteines. \[^111^In\]InCl~3~ (T~1/2~= 67 h) wa purchased from Perkin Elmer Life and Analytical Sciences. The DTPA CRKRLDRNC peptide (5 μg in 10 μl PBS) was incubated with a solution \[^111^In\]InCl~3~ (680 μCi in 100 μl of 0.1 M ammonium acetate, pH 5.5) for 1 hr at RT.

The CLEVSRKNC peptide was added with a tyrosine residue at th N-terminus during synthesis and cyclized through disulfide bond betwee two cysteine residues. \[^123^I\]NaI (T~1/2~= 13 h) was purchased from Kore Institute of Radiology and Science. Iodobead (Pierce) was incubated with a solution of \[^123^I\]NaI (3 mCi in 100 μl PBS) and then with the Y-CLEVS RKNC peptide (14 μg in 20 μl water) for 15 min. at RT. The labelled peptides were purified by RP-HPLC in gradient solvent system. The radio-chemical yield of final solution was measured to be over 95%.

For autoradiography the labelled peptide was injected into mice through the tail vein. After 15 min. of circulation, mice were perfused wit PBS through the heart. Aortas were isolated, fixed for 1 hr in 4% PFA, and placed in parallel position in an X-ray cassette. A transparency film was stretched over the aortas. A photographic film (agfa) was pressed against the transparency film and then exposed.

Statistical analysis
--------------------

[anova]{.smallcaps} test was used to analyse mean values, and a *P*-value of \<0.05 was considered statistically significant.

Results
=======

Screening of a phage-displayed peptide library
----------------------------------------------

A T7 phage library displaying random peptides was screened to enrich phages that selectively bind to atherosclerotic plaques. We performed *ex vivo* screening with cell suspension from human atherosclerotic plaque tissues obtained by coronary atherectomy or femoral endarterectomy. The cell-bound phages were recovered and amplified for the next round of screening. After three rounds of screening with coronary atheroma and four rounds with femoral atheroma, the phage titres were enriched approximately by 500-fold and 120-fold, respectively (data not shown).

Fifty-four phage clones from coronary and femoral atheroma tissues were randomly picked. The peptide-coding DNA inserts of the phage clones were amplified by PCR and sequenced. Alignment analysis of the peptide sequences using Clustal W program revealed frequently occurring sequences such as CRKRL-DRNC or shared motifs with the length of three to four amino acids, such as GKRD (Table [1](#tbl1){ref-type="table"}). The CRKRLDRNC sequence was the most frequently occurring one among selected peptide sequences and thus prioritized for further study. Table [1](#tbl1){ref-type="table"} also lists selected example of human proteins shown by database search to contain motifs homologous to the peptides. The phage-displayed peptides may mimic one or more of these proteins in atherosclerotic plaque binding.

###### 

Selected peptide sequences and example of human proteins containing the homologous motif

  Peptide sequence   Frequency    Homologous motif    Example of homologous proteins        Accession number
  ------------------ ------------ ------------------- ------------------------------------- ------------------
  **Coronary**                                                                              
   CRKRLDRNC         8/27(30%)    ^84^KRLDRN^89^      IL-4                                  P05112
   CMNPKKQRC         4/27(15%)    762 MNPK 765        Integrin β2 precursor                 P05107
   CRSTKSSAC         2/27(7.5%)   ^68^TKSSA^72^       Thrombospondin-4 precursor            P35443
  **Femoral**                                                                               
   CPSNGKRDC         2/27(7.5%)   177 NGKRD 181       MMP-16                                P51512
   CRQGGKRDC         1/27(3.8%)                                                             
   CRTTRSKTC         1/27(3.8%)   ^266^RTTSTKT^272^   Scavenger receptor class A member 3   P35443
   CRTTQSNTC         1/27(3.8%)                                                             
   CFSEVD            2/27(7.5%)   ^367^FSEVD^371^     Toll-like receptor 4 precursor        000206
   CMHSEVD           1/27(3.8%)                                                             
   CLIGEVD           1/27(3.8%)                                                             

Peptides were analysed using the NCBI BLAST search against the SWISSPROT database, using the option for short nearly exact matches, to identify proteins with homologous motifs. Underlined letters represent shared motifs among the selected peptides. Frequency = (number of the peptide with the same sequence/total number of peptides). Numbers in parenthesis represent frequency in percentage.

*In vivo* homing and localization of the CRKRLDRNC peptide at atherosclerotic plaques
-------------------------------------------------------------------------------------

We validated in vivo homing of the individual phage displaying the CRKRLDRNC peptide to atherosclerotic plaques. The CRKRLDRNC-phage (10^11^ pfu) was administrated into the tail vein of *Ldlr*^−/--^ mice or age-matched C57BL/6 mice as control and allowed to circulate for 15 min. Aortas including aortic arch were isolated and bound phages were recovered. The CRKRL-DRNC-phage homed to atherosclerotic aortic tissues of *Ldlr*^−/--^ mice at approximately 8-fold higher level than to normal aortic tissues of wild-type mice (Fig. [1](#fig01){ref-type="fig"}, *Ldlr*^−/--^ mice versus control, *P*\<0.05, n = 3). In addition, the CRKRLDRNC-phage bound to atherosclerotic tissues at higher level than did nonrecombinant (or insertless) control phage (Fig. [1](#fig01){ref-type="fig"}, CRKRLDRNC vs. insertless, *P*\<0.05, n = 3).

![*In vivo* homing of the CRKRLDRNC-phage to atherosclerotic plaque tissues. The CRKRLDRNC-phage or insertless control phage (10 pfu) was intravenously injected into the tail vein of *Ldlr*^−/--^ or C57BL/6 control mice and circulated for 15 min. Aortic tissues were isolated and bound phages were recovered. Data represent mean ± SD of measurements of phage titer (pfu per 10 mg tissue). n, number of animals examined in each experiment. \*, *P*\< 0.05 by [anova]{.smallcaps} test.](jcmm0012-2003-f1){#fig01}

Next, we examined whether the selective homing of the CRKRLDRNC-phage to atherosclerotic plaque tissues was mediated by the peptide displayed on the phage. To address this question, a fluorescein-conjugated synthetic CRKRLDRNC peptide was injected into the left ventricle of *Ldlr*^−/--^ or control mice and circulated for 15 min. In previous studies, peptides that home to tumour blood vessels were allowed to circulate for a short period of time (*e.g.*5--10 min.) \[[@b5]--[@b7]\]. We reasoned that homing of a peptide to atherosclerotic lesions could also be achieved at a similar period of time. Oil red-O staining of frozen sections demonstrated lipid deposition at atherosclerotic plaques in the aortas of *Ldlr*^−/--^ mice (Fig. [2A](#fig02){ref-type="fig"} and [B](#fig02){ref-type="fig"}, insets). The CRKRLDRNC peptide homed to atherosclerotic plaques of three *Ldlr*^−/--^ mice (Fig. [2A](#fig02){ref-type="fig"}), while the NSSSVDK control peptide, the sequence that is displayed by the nonrecombinant T7 phage, did not (Fig. [2B](#fig02){ref-type="fig"}). The homing peptide bound to the endothelium overlying a lesion, but not to the endothelium not directly overlying the lesion (non-atherosclerotic area) of the same mouse (Fig. [2C](#fig02){ref-type="fig"}). The CRKRLDRNC peptide did not home to other organs such as brain (Fig. [2M](#fig02){ref-type="fig"}) as well as liver and lung (not shown). Similar results were obtained when the peptide was circulated for 2 hr (data not shown).

![*In vivo* homing of the CRKRLDRNC peptide to atherosclerotic plaques in *Ldlr*^−/--^mice. A fluorescein-labelled peptide was injected into the left ventricle of *Ldlr*^−/--^ mice and circulated for 15 min. (A--C) *In vivo* homing of the fluorescent CRKRLDRNC peptide (A and C) or NSSSVDK control peptide (B) to atherosclerotic plaques of *Ldlr*^−/--^mice. Insets show Oil red-O staining of lipid deposition in the plaques. Note that the CRKRLDRNC peptide bound to the endothelium overlying lesions (arrows in A and C), but not to the endothelium not directly overlying lesions (asterisk in C). (D--L) The CRKRLDRNC peptide binding (D, G and J), co-staining for vWF (E and H) or Mac-3 (K), and the merges (F, I and L). Note the co-localization of the peptide with endothelial cells (arrows in D--I) and macrophages (arrows in J--L). (M) The CRKRLDRNC peptide in brain. Arrowheads in (A--L) show autofluorescence resulted from elastic tissue in the vessel wall. DAPI staining for nucleus was shown in blue. Scale bars represent 20 μm (A--L) and 100 μm (M). (N and O) ^111^In-labeled CRKRLDRNC peptide at 160 μCi (M) or ^123^I-labelled CLEVSRKNC control peptide at 104 μCi (O) was injected into the tail vein of *Ldlr*^−/--^ or wild-type mice and circulated for 15 min. Representative autoradiographs were shown for the experiments.](jcmm0012-2003-f2){#fig02}

To see the type of cellular components to which the homing peptide bound *in vivo*, we analysed the localization of the CRKRL-DRNC peptide at the atherosclerotic plaques of *Ldlr*^−/--^ mice. Immunostaining using antibodies against the cell-type specific markers showed that the fluorescent CRKRLDRNC peptide co-localized with endothelial cells (vWF) along the surface of atherosclerotic plaques (Fig. [2D](#fig02){ref-type="fig"}--[F](#fig02){ref-type="fig"}) and also macrophages (Mac3) inside the plaques (Fig. [2J](#fig02){ref-type="fig"}--[L](#fig02){ref-type="fig"}). Interestingly, the homing peptide also could bind to early atherosclerotic lesions of relatively small size (Fig. [2G](#fig02){ref-type="fig"}--[I](#fig02){ref-type="fig"}).

We further examined *in vivo* homing of the peptide by labelling it with a radioisotope. The ^111^In-labeled CRKRLDRNC peptide or ^123^I--labelled CLEVSRKNC peptide was injected into the tail vein of *Ldlr*^−/--^or control mice and circulated for 15 min. The CLEVSRKNC peptide, a peptide containing CX7C amino acids of unrelated sequence, was used as control. The aortas were isolated and subjected to autoradiography. As expected, ^111^In-CRKRLDRNC uptake was clearly observed at aortas of three *Ldlr*^−/--^ mice, while little uptake was observed at aortas of three wild-type mice (Fig. [2N](#fig02){ref-type="fig"}). In contrast, ^123^I--CLEVSRKNC uptake was negligible at aortas of both *Ldlr*^−/--^and control mice (Fig. [2O](#fig02){ref-type="fig"}). The uptake signal in Fig. [2N](#fig02){ref-type="fig"} was observed diffusely, rather than focally, along the aortas, which reflects the radiating property of radioisotope signals.

The CRKRLDRNC peptide overlay onto human atherosclerotic plaques
----------------------------------------------------------------

To examine whether the CRKRLDRNC peptide selectively binds to human atherosclerotic plaques, we performed peptide overlay onto frozen sections of primary tissues. Oil red-O staining demonstrated characteristic lipid deposition at atherosclerotic plaques (Fig. [3A](#fig03){ref-type="fig"}). The fluorescein-labelled CRKRLDRNC peptide bound to the sections of eight atherosclerotic tissues from human arteries (Fig. [3B](#fig03){ref-type="fig"}), while little binding of the NSSSVDK control peptide was observed (Fig. [3C](#fig03){ref-type="fig"}). In similar to the localization of the peptide at mouse tissues in vivo, the CRKRLDRNC peptide co-localized with endothelial cells (CD31) (Fig. [3D](#fig03){ref-type="fig"}--[F](#fig03){ref-type="fig"}), macrophages (CD68) (Fig. [3G](#fig03){ref-type="fig"}--[I](#fig03){ref-type="fig"}), and vascular smooth muscle cells (alpha-SMA) (Fig. [3J](#fig03){ref-type="fig"}--[L](#fig03){ref-type="fig"}) on the sections of two atherosclerotic plaques. These results suggest that a putative binding receptor for the homing peptide exits on those multiple cellular components of atherosclerotic plaques.

![The CRKRL-DRNC peptide overlay onto human atherosclerotic plaques. (A) Oil red-O staining of a frozen section of atherosclerotic plaque from a human femoral artery. The box in (A) marks an area of the artery that was examined microscopically in (B-L). (B and C) Peptide overlay was performed with fluorescein-labelled CRKRLDRNC peptide (B) or NSSSVDK control peptide (C). (D-L) The CRKRLDRNC peptide overlay (D, G and J), co-staining for CD31 (E), CD68 (H) and α-SMA (K), and the merges (F, I and L). Note that the CRKRLDRNC peptide co-localized with endothelial cells, macrophages, and vascular smooth muscle cells at human atherosclerotic plaques. DAPI staining for nucleus was shown in blue. Scale bars represent 100 μm (B and C) and 20 μm (D-L).](jcmm0012-2003-f3){#fig03}

IL-4R as a candidate target receptor for the CRKRLDRNC homing peptide
---------------------------------------------------------------------

Homology search by a protein database revealed that the RKRL-DRN sequence matched, in six out of seven positions, the ^84^KRL-DRN^89^ motif of an inflammatory cytokine IL-4 (Table [1](#tbl1){ref-type="table"}). The main binding determinants of human and mouse IL-4 (Fig. [4A](#fig04){ref-type="fig"}, underlined) have been previously described \[[@b12], [@b13]\]. To our interest, the KRLDRN motif is the core of the binding site of human IL-4 for IL-4R, the corresponding receptor. Moreover, the amino acid sequences of the binding site, as shown in Figure [4A](#fig04){ref-type="fig"}, are conserved among species, such as human, cat and deer \[[@b13]\]. These findings suggest that the CRKRLDRNC peptide may mimic IL-4 in atherosclerotic plaque binding. To investigate the hypothesis that the CRKRLDRNC peptide was homing to atherosclerotic plaques by virtue of this homology, we first analysed the localization of IL-4R at atherosclerotic plaques. IL-4R was abundantly present at atherosclerotic plaques in *Ldlr*^−/--^ mice (Fig. [4C](#fig04){ref-type="fig"}). The fluorescent CRKRLDRNC peptide, when injected into three *Ldlr*^−/--^ mice, co-localized with IL-4R at atherosclerotic plaques (Fig. [4B](#fig04){ref-type="fig"}--[D](#fig04){ref-type="fig"}).

![Co-localization of the CRKRLDRNC peptide with IL-4R at mouse and human atherosclerotic plaques. (A) Amino acid sequences of human, cat, deer, and mouse IL-4 homologous to the CRKRLDRNC peptide. Amino acid colours are coded according to their biochemical properties: purple, basic; blue, acidic; green, hydrophilic; red, hydrophobic. The main binding determinants of human and mouse IL-4 for IL-4R were previously reported and underlined. (B--D) *In vivo* localization at atherosclerotic plaques of the fluorescein-labelled CRKRLDRNC peptide in *Ldlr*^−/--^mice (B), IL-4R staining (C) and the merge (D). (E--G) The CRKRLDRNC peptide overlay onto human atherosclerotic plaques (E), IL-4R staining (F) and the merge (G). Note that the CRKRLDRNC peptide co-localized with IL-4R, which was present at mouse and human atherosclerotic plaques (arrows in D and G). (H) H&E and (I) IL-4R staining of a human normal arterial tissue. DAPI staining for nucleus was shown in blue. Scale bars represent 20 μm (B--G) and 100 μm (I).](jcmm0012-2003-f4){#fig04}

Co-localization of the peptide and IL-4R was also observed by peptide overlay on two human atherosclerotic plaques (Fig. [4E](#fig04){ref-type="fig"}--[G](#fig04){ref-type="fig"}). IL-4R was abundant in human atherosclerotic tissues (Fig. [4F](#fig04){ref-type="fig"}), while being at negligible levels in a normal arterial tissue (Fig. [4H](#fig04){ref-type="fig"}--[I](#fig04){ref-type="fig"}). These findings suggest that IL-4R is a candidate receptor for the peptide homing to atherosclerotic plaques.

To further investigate the hypothesis that IL-4R is the corresponding receptor for the homing of the CRKRLDRNC peptide, we transiently transfected the human IL-4R expression vector into CHO-K1 cells. Immunostaining showed that IL-4R is present at negligible levels in the parental (data not shown) or mock-transfected CHO-K1 cells (Fig. [5A](#fig05){ref-type="fig"}), while it is expressed at high levels in the IL-4R-transfected cells (Fig. [5D](#fig05){ref-type="fig"}). The fluorescent CRKDL-DRNC peptide did not bind to the mock-transfected CHO-K1 cells (Fig. [5B](#fig05){ref-type="fig"}). In contrast, the CRKDLDRNC peptide strongly bound to the CHO-K1 cells over-expressing IL-4R on the surface (Fig. [5D](#fig05){ref-type="fig"}--[F](#fig05){ref-type="fig"}), while the binding of the NSSSVDK control peptide to the cells was minimal (Fig. [5C](#fig05){ref-type="fig"}).

###### 

The binding of the CRKRLDRNC peptide to IL-4R-expressing cells. (A--O) Cells were immunostained for IL-4R and then incubated with the indicated fluorescein-labelled peptide. IL-4R staining (A) and the merge with the CRKRLDRNC peptide binding (B) in mock-transfected CHO-K1 cells. The merge of IL-4R staining and the control peptide binding in IL-4R-transfected CHO-K1 cells (C) and HT-1376 cells (O). IL-4R staining, the CRKRLDRNC peptide binding, and the merges in IL-4R-transfected CHO-K1 cells (D--F), HT-1376 cells (G--I), and IL-4R siRNA-transfected HT-1376 cells (J--L). IL-4R staining (M) and the merge with the CRKRLDRNC peptide binding (N) in control siRNA-transfected HT-1376 cells. Note that the CRKRLDRNC peptide bound to cells expressing IL-4R on the cell surface and the binding was inhibited by the knockdown of the IL-4R expression. DAPI staining for nucleus was shown in blue. Scale bars represent 20 μm. (P and Q) HT-1376 cells transfected with control siRNA (P) or IL-4R siRNA (Q) were incubated with the CRKRLDRNC peptide and the percent number of peptide-bound cells (in parenthesis) was analysed by flow cytometry.

![](jcmm0012-2003-f5a)

![](jcmm0012-2003-f5b)

Next, we carried out the knockdown of IL-4R using siRNA in IL-4R-expressing cells. We examined several cell lines for endogenous expression of IL-4R on the cell surface. Immunostaining of IL-4R showed the expression of IL-4R at high levels in HT-1376 human bladder tumour cells (Fig. [5G](#fig05){ref-type="fig"}) and HUVEC human endothelial cells (data not shown). The fluorescent CRKRLDRNC peptide strongly bound to HT-1376 cells (Fig. [5G](#fig05){ref-type="fig"}--[I](#fig05){ref-type="fig"}), whereas the NSSSVDK control peptide did not (Fig. [5O](#fig05){ref-type="fig"}). The binding of the fluorescent CRKRLDRNC peptide to the cells was completely blocked by the unlabeled (not fluorescent) CRKRLDRNC peptide given at 100-fold molar excess (data not shown). Transfection of the siRNA against human IL-4R almost suppressed its expression in HT-1376 cells (Fig. [5J](#fig05){ref-type="fig"}). Accordingly, the binding of the CRKRLDRNC peptide to the cells was decreased to minimal levels (Fig. [5K](#fig05){ref-type="fig"}--[L](#fig05){ref-type="fig"}).

Control siRNA did not affect the expression of IL-4R in HT-1376 cells (Fig. [5M](#fig05){ref-type="fig"}) and also the binding of the CRKRLDRNC peptide to the cells (Fig. [5N](#fig05){ref-type="fig"}). In addition, the percent number of peptide-bound cells analysed by flow cytometry was decreased from 82.2% to 49.2% by the knockdown of IL-4R (Fig. [5P](#fig05){ref-type="fig"}--[Q](#fig05){ref-type="fig"}). Together, these results demonstrate that IL-4R is the corresponding receptor for the binding of the CRKRLDRNC homing peptide.

Discussion
==========

In this study, we demonstrated that the CRKRLDRNC peptide exhibited a selective homing to atherosclerotic plaques and that IL-4R is the corresponding receptor for the peptide binding. Using a phage-displayed random peptide library, we selected phages that bind to human primary atherosclerotic plaque tissues obtained from coronary or femoral arteries. Some of the peptide sequences frequently occurred or revealed shared motifs. Of these we validated the CRKRLDRNC peptide, the most frequently occurring sequence, as a promising atherosclerotic plaque-specific peptide. The fluorescein- or radioisotope-labelled CRKRLDRNC peptide homed to atherosclerotic plaques of *Ldlr*^−/--^ mice. After being circulated through the blood, it homed to the atherosclerotic aorta, whereas homing to other organs such as brain and liver was minimal. Interestingly, it could recognize both early and late atherosclerotic lesions. Moreover, the peptide preferentially bound to human primary atherosclerotic tissue compared to normal tissue. These findings suggest that the binding receptor for the peptide is present at both early and late stage of atherosclerosis and conserved in both mouse and human species.

Protein database search for human proteins homologous to the CRKRLDRNC sequence revealed that this peptide has homology with the sequence between the residues 84 and 89 of human IL-4 (^84^KRL-DRN^89^). Interestingly, it has been shown that five positively charged residues (K77, R81, K84, R85 and R88) and two neighbouring residues (N89 and W91) are important for binding of human IL-4 to IL-4R \[[@b12], [@b13]\]. The crystal structure of the complex reveals that residue R88 of the human IL-4 can form an ion pair with residue D72 of IL-4R \[[@b13]\]. In the murine IL-4, the main binding site is ^79^QRL-FRAFR^86^ and the underlined residues (R80, R83 and R86) play a crucial role for binding to the receptor \[[@b14]\]. Three arginine residues (underlined) of the CRKRLDRNC peptide may mimic those arginine residues of mouse IL-4 in binding to IL-4R. Similarity of a peptide to a receptor-binding ligand has been used for validation of the corresponding receptor as a target of the ligand-mimicking peptide (*e.g.* IL-11R and platelet-derived growth factor receptor β) \[[@b7], [@b15]\].

Several lines of evidence demonstrate that IL-4R is the corresponding receptor for the homing of the CRKRLDRNC peptide to atherosclerotic plaques. There are two types of IL-4R, a complex of IL-4R α chain with either IL-2R γc chain (type I IL-4R) or IL-13R α1 chain (type II IL-4R) \[[@b16]\]. Type I receptor is present in haematopoietic cells, while type II receptor is in haematopoietic cells of the myeloid lineage, such as macrophages and eosinophils, and in many other cell types, such as endothelial cells and fibroblasts \[[@b17], [@b18]\]. IL-4R also exits on T lymphocytes and vascular smooth muscle cells \[[@b19], [@b20]\]. First, we demonstrated that the CRKRLDRNC peptide injected into mice or subjected to peptide overlay onto human primary tissue co-localized with IL-4R at atherosclerotic plaques. We also demonstrated the up-regulation of IL-4R at both mouse and human atherosclerotic tissues, which was consistent with a previous study \[[@b21]\]. Second, the CRKRLDRNC peptide co-localized with endothelial cells, macrophages and smooth muscle cells, on which IL-4R is known to exist. Third, after the transient overexpression of IL-4R on CHO cells that do not have endogenous IL-4R, cells were able to bind with the peptide. The knockdown of IL-4R expression, on the other hand, on HT-1376 cells that have high levels of endogenous IL-4R deleted the binding of the peptide to the cells.

A growing body of evidence indicates that IL-4 is pro-atherogenic and contributes to the development of atherosclerosis. IL-4 is a pleiotropic immunomodulatory cytokine secreted by T-helper 2 (Th2) lymphocytes, eosinophils and mast cells \[[@b22]\]. First, IL-4 is detected at elevated levels in atherosclerotic lesions \[[@b23]\]. It induces inflammatory mediators, such as VCAM-1 and MCP-1 in vascular endothelial cells and matrix metalloproteinases (MMPs) in vascular smooth muscle cells \[[@b23]--[@b25]\]. Second, it induces apoptosis of endothelial cells through the caspase-3 pathway \[[@b26]\], which may cause the dysfunction of the vascular endothelium and the initiation of atherogenesis. Third, down-regulation of IL-4 secretion of Th2 cells inhibited Th2-mediated isotype switching and reduced atherosclerotic lesion formation in *Ldlr*^−/--^mice \[[@b27]\]. Most importantly, the knockout of IL-4 showed reduced size of atherosclerotic lesions in *Ldlr*^−/--^ or apolipoprotein E-deficient (*ApoE*^−/--^) mice \[[@b28], [@b29]\]. Interrogation of such a role for IL-4/IL-4R interaction during atherogenesis may be a novel therapeutic approach to atherosclerosis. The possibility that the CRKRLDRNC peptide may act as an antagonist (or agonist) for IL-4 action deserves future investigation.

Molecular imaging tools have been developed for the detection of early atherosclerotic lesion or vulnerable plaque based on the plaque biology. Current candidate targets include molecules, such as VCAM-1, P-selectin and ED-B fibronectin \[[@b30]--[@b32]\]. For example, a VCAM-1-binding peptide as the corresponding ligand was conjugated to magnetofluorescent nanoparticles and applied to the detection of atherosclerotic plaques in *ApoE*^−/--^ mice \[[@b30], [@b33]\]. Detection of apoptosis using annexin V and proteolytic activities like MMPs and cathepsin B have been applied to the imaging of vulnerable plaques \[[@b34]--[@b36]\]. Activation of inflammatory process within plaques is also closely correlated with plaque rupture and clinical events. In a recent study, IL-2, a pro-inflammatory cytokine that binds to IL-2R on activated T lymphocytes, was labelled with a radioisotope and used for imaging of vulnerable plaques in human patients \[[@b37]\]. In this paper, we identified IL-4R and the CRKRLDRNC peptide as a novel target and the corresponding ligand for atherosclerosis imaging. We identified the CRKRLDRNC peptide by screening of phage library with human atherosclerotic tissues and demonstrated that it may be useful for imaging of atherosclerosis in human as well as mouse. This is contrast to previous studies \[[@b38], [@b39]\], in which screening of phage library and evaluation of binding specificity of peptides were performed only in mice. Moreover, the homing peptide could detect the early lesions of atherosclerosis in mice. It was previously described that IL-4 and IL-4R are expressed at coronary atherosclerotic plaques from patients with stable or unstable angina \[[@b21]\]. In these regards, IL-4 and IL-4R interaction might be implicated in the development of vulnerable plaques or in early stage of atherogenesis. It needs further investigation whether the CRKRLDRNC peptide is useful for the detection of early or vulnerable plaques.

It is noteworthy that IL-4R is also up-regulated in some tumours, such as ovarian cancer and lung cancer and has been already used as a target for tumour therapy \[[@b40], [@b41]\]. Taken together, the CRKRLDRNC peptide and IL-4R may be useful as a targeting ligand and the corresponding receptor for selective delivery of therapeutic drugs and imaging probes to atherosclerotic plaques as well as tumours.
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